[1] In this study, we examine the effects of convective transport in the framework of a regional-scale dust model. For this purpose a time-dependent convective transport scheme coupled with the Kain-Fritsch scheme of a host atmospheric model is used. Through comparison with independent studies it is shown that the scheme can adequately simulate upward convective dust transport and downward dust transport by subsidence in the environment. The scheme is applied to the simulation of Asian dust storms in 2002. It is shown that on regional scale, convective transport alters vertical dust distribution in two ways. In some areas, because of strong upward drafts, convective transport carries dust particles from the boundary layer to the middle and upper troposphere, while in other areas the net effect of convective transport is to move dust particles in the middle and upper troposphere downward leading to increased dust concentration in the lower troposphere.
Introduction
[2] Mineral dust has various environmental and climatological impacts. When deposited to the ocean, the iron in dust is thought to play a major role in fertilization and oceanic CO 2 uptake, thereby affecting the global carbon budget [Duce and Tindale, 1991] . Dust transported from deserts can cause serious health problems [Griffin et al., 2001] . Mineral dust is also considered as contributing to climate change through its direct radiative effects of scattering and absorption, and its indirect effects through modification of cloud properties [Kaufman et al., 2002] . Yet, atmospheric dust loading is one of the largest uncertainties in global climate modeling.
[3] One of the major uncertainties in dust modeling is associated with vertical transport by cloud convection. Cumulus convection is known to carry trace gas and aerosols from the boundary layer to the upper troposphere in a relatively short time [Dickerson et al., 1987] . Convective transport is considered to be important in calculating the vertical distribution of 222 Radon [Feichter and Crutzen, 1990] , ozone production from biomass burning [Pickering et al., 1992] and in the upper troposphere [Barth et al., 2001] as well as in the urban atmospheric boundary layer [Sillman et al., 1990] .
[4] Convective transport is particularly important for mineral dust considering that dust is mainly generated by regional-scale dust storms and that the major source areas are often surrounded by terrains which restrict the dispersion of dust. Such major source areas include the Bodele Depression in the Sahara, the lowland parts of the mountainous region in the Iran-Afghanistan-Pakistan border, the Tarim Basin in China and the Great Basin of the United States [Washington et al., 2003 ].
[5] Several studies have incorporated convective transport into large-scale chemical transport models for the simulation of three-dimensional distribution of trace gas and aerosols [e.g., Mu 00 ller and Brasseur, 1995] . Convective transport parameterizations can be classified into two approaches: a statistical approach which uses prespecified transitional probability functions [e.g., Chatfield and Crutzen, 1984] , and a mass flux approach which uses mass fluxes obtained from the cumulus parameterization of atmospheric model [e.g., Feichter and Crutzen, 1990] . The latter requires less input data and is more consistent with the convective effects on other atmospheric variables.
[6] However, as the model resolution (horizontal) changes, different approaches to convective transport are required [Gimson, 1997] . For example, if a convection parameterization scheme suitable for large-scale models is used for a meso-scale model, the convective transport of trace gas would be insufficient [Gimson, 1997] .
[7] In this study, we investigate the effects of convective transport within the framework of a regional-scale dust model. For this purpose we develop a convective dust transport scheme (CDTS) based on a set of timedependent mass continuity equations. The performance of the scheme is examined by comparison with independent works. The scheme is then integrated into a regional-scale dust model for the simulation of Asian dust storms in 2002.
Parameterization of Convective Dust Transport

Formulation
[8] In the dust transport equation, the effect of convective transport is associated with vertical transport of dust due to subgrid-scale convective drafts
where overbar denotes a horizontal average over a grid cell, prime denotes a subgrid-scale perturbation due to convective drafts and C and w p respectively represent particle mass concentration and particle vertical velocity. Following Kain and Fritsch [1993] , the convective vertical flux, w 0 p C 0 j conv , is approximated by
where w pu , w pd andw p are the particle vertical velocities in the convective updraft, downdraft and the environment, and C u , C d andC are the corresponding particle concentrations. It is assumed that a grid cell is divided into area fractions occupied by cloud updrafts, a u , downdrafts, a d , and the environment,
and
Equation (2) can be written as
[9] Since the characteristic timescale for particle motion to reach its terminal settling velocity is short compared with the time scale of convection, it is sufficiently accurate to assume w p = w f À v s with fluid velocity, w f , and particle settling velocity, v s (>0). Accordingly, the particle vertical velocities in the updraft, downdraft and environment can be approximated by
where w u , w d andw are the vertical velocities of the cloud updraft, downdraft and environment derived from a cumulus parameterization scheme. Substituting (5) into (1), we obtain the convective tendency,
[10] It is assumed here that w p = Àv s since w % 0. As particle terminal velocity depends on particle size, the convective tendency also changes with particle size even if the intensity of convection is the same. Two limiting cases are worth considering: for massive particles in weak convection (v s ) w u , w d andw), the convective tendency becomes negligible; and for small particles in strong convection (v s ( w d , w u andw), the convective tendency will be similar to that of trace gas.
Cloud Model and Governing Equations
[11] A cloud model is required to obtain C u and C d and to calculate convective tendency. The cloud model chosen for this study is a one-dimensional steady state plume model with continuous entrainment and detrainment given by
where subscript i denotes cloud updraft (u) ] of the cloud draft. For the simulation of trace gas, it is usually assumed in large-scale models that if the cloud is in a steady state, then C u and C d are also in a steady state. However, this assumption is not necessarily valid for convective dust transport. This is obvious for heavy particles which will continue to fall because of gravitational settling even if the cloud is in a steady state. Given this, the time derivative is retained in the following governing equations for dust concentrations in cloud and in the environment
where iC and d i C i represent the entrainment and detrainment rates of dust particles into/from the cloud draft, and i and d i have the dimensions of [T
À1
]. To obtain i and d i as a function of E i and D i , it is assumed that dust particles do not fall out from either the air parcel of the cloud draft or environmental air during the entrainment and detrainment process, to ensure total mass conservation. This assumption is based on the fact that airborne dust particles are very small (r 10 mm). Accordingly, for a given E i , the entrainment rate of dust particles into the cloud draft from the environment is proportional to (E i /r)C. Finally, i and d i are obtained by
where A i is the cross sectional area of the cloud draft andr and r i are the air densities of the environment and the cloud draft.
Numerical Scheme
[12] The numerical solutions of (9) and (10) are calculated in a staggered vertical grid by
where subscripts b and t denote the bottom and the top of a given model layer. After computing the convective tendencies, particle concentrations of the convective drafts and the environment in all model layers are updated using
where subscripts k and n denote a model layer and time step, and Dt is the model time interval. To ensure that (12) and (13) do not give negative C k n , the modified flux-corrected method (MFCM) is used in which the total outgoing flux from the cell is limited by
[13] A comparison of the performance of MFCM with the second-order Bott scheme [Bott, 1989a [Bott, , 1989b and Piecewise Parabolic Method (PPM) [Colella and Woodward, 1984] , which are widely used in chemical transport models, is shown in Figure 1 . The solutions of the three schemes and the analytical solution are too close to discern for a uniform flow. For a convergent flow (@w/@z = ÀD 0 ), the exact solution is unknown and only the numerical solutions of the three schemes are shown together with the initial condition for comparison. The solution of the MFCM is close to that of the PPM method which is more dispersive than that of the Bott scheme. For the convergent flow, the total mass conservation error of the three methods were O(10 À5 ).
Tests of the Convective Dust Transport Scheme
[14] The convective dust transport scheme (CDTS) is tested against the simulation results of Pickering et al. [1992] and Mahowald et al. [1995] . Using a twodimensional cloud model, Pickering et al. [1992] simulated the convective transport of trace gases in the burning regions of the Brazilian savanna for the convective events observed during the NASA Amazon Boundary Layer Experiment (ABLE 2A). The CO profile measured during the ABLE 2A was used by Mahowald et al. [1995] to examine the performances of two cumulus parameterization schemes, the Feichter-Crutzen scheme [Feichter and Crutzen, 1990] and the Tiedtke scheme [Tiedtke, 1989] .
[15] In order to test CDTS against these previous studies, we used the same CO profile. For updraft and downdraft, the velocity profiles (shown in Figure 2a ) derived from the cloud model simulations of Garstang et al. [1988] and Pickering et al. [1991] were used. With a grid cell of 30 km Â 30 km, the area fraction occupied by convective drafts was assumed to be 0.075. This value was obtained by vertically averaging the area of cloud coverage from the large eddy simulation of Gimson [1997] . The vertical resolution of the column model was 200 m below the cloud base (1 km), 500 m from the cloud base to the cloud top (13 km) and 1000 m above the cloud top. The calculation was conducted for 1 hour which is roughly the typical lifetime of deep cumulus convections.
[16] The resultant profile is shown in Figure 2b together with the results of Pickering et al. [1992] and Mahowald et al. [1995] . The profile of Mahowald et al. [1995] was chosen among several simulated profiles using the Feichter-Crutzen scheme [see Mahowald et al., 1995, Figure 12] . A caution is needed in this comparison because while the two profiles of CDTS and Mahowald et al. [1995] represent a grid-averaged value obtained from a one-dimensional column model, the profile taken from Pickering et al.
[1992] was obtained from a 2-D cloud model and represents only the vertical profile at a given location. Therefore only a qualitative comparison is possible here. Nevertheless, the values of CDTS below 3 km are in good agreement with those of Pickering et al. [1992] . The Feichter-Crutzen scheme of Mahowald et al. [1995] predicted higher values than those of CDTS and Pickering et al. [1992] . The height- averaged concentration below 3 km for Pickering et al. [1992] , CDTS and Mahowald et al. [1995] is 129, 132 and 152 ppb, respectively. The three profiles all show an increase in concentrations at heights between 3 and 13 km where detrainments occur. However, the values of the three studies differ considerably. The height-averaged concentration of the layer for Pickering et al.
[1992] (= 121 ppb) was considerably higher than that for CDTS (= 92 ppb) and Mahowald et al. [1995] (= 85 ppb). It is because the profile of Pickering et al. [1992] was taken at the location close to the cloud anvil at which more than 50% of the air from the lower levels exit.
[17] Ching and Alkezweeny [1986] and Betts et al. [2002] observed that convective drafts carry trace gases in the free atmosphere into the boundary layer in a relatively short time. This downward transport might be important for downstream areas affected by aloft dust layers. To investigate downward transport by cloud convection, we applied the CDTS to a dust layer having a maximum concentration at about 5 km for the same velocity profiles in Figure 1a . The normalized profiles of simulated concentration and concentration tendencies are shown in Figure 3 . The resulting concentration profile shows a dust layer lowered to around 2 km. Analysis of the concentration tendencies indicates that the tendency of the environment (=(@C/@t) in equation (10) or (@C/@t) e in Figure 3b ) accounts for most of the total convective tendency (=(@ C/@t) or (@C/@t) g in Figure 3b ). Comparison of two tendencies due to dust flux convergence in the environment (= À(@w pC /@z) or À(@w p C/@z) e in Figure 3b ) and entrainment and detrainment into the environment (ENTDET in Figure 3b) indicates that the flux convergence in the environment contributed to the downward transport of the dust layer.
Model Description
[18] The Integrated Wind Erosion Assessment and Prediction System (IWEAPS) [Shao et al., 2003 ] is used to simulate regional-scale Asian dust storms. The model was used in the study of dust events in Australia [Lu, 1999] and East Asia [Shao et al., 2003 ]. This regional-scale model [Pickering et al., 1992] , and the Feichter-Crutzen scheme [Mahowald et al., 1995] .
consists of an atmospheric model, a dust model and GIS (Geographic Information System) data sets providing surface parameters for the two models. The atmospheric model was developed by Leslie et al. [1985] and tested by Leslie and Skinner [1994] and Skinner and Leslie [1999] . The model employs the modified Mellor-Yamada high-order closure scheme (level 2.5) for the boundary layer [Mellor and Yamada, 1974] , and the Kain-Fritsch scheme [Kain and Fritsch, 1993] for cumulus parameterization which is coupled with the CDTS of the dust model. Prediction of the land surface process is made through ALSIS (the Atmosphere and Land Surface Interaction Scheme) [Irannejad and Shao, 1998 ]. The integrations are carried out on the staggered Arakawa C grid using a centered semi-implicit time differencing scheme with 25 s levels in the vertical and a horizontal grid spacing of 50 km.
[19] The dust emission scheme of the dust model, which is fully coupled with the atmospheric model, predicts threshold friction velocity following Shao and Lu [2000] , vertically integrated streamwise sand flux based on White [1979] , and dust emission rate using the scheme of Shao [2001] . A recent description of the emission scheme is given by Shao et al. [2003] . Dust particles are removed by dry and wet deposition. Dry deposition is parameterized using the scheme of Raupach et al. [2001] and wet deposition is calculated following Jung [2005] . Horizontal advection in the dust model is calculated using a flux-limiter method following LeVeque [1993] , which is of second-order accuracy and is stable provided that the CFL (CourantFriedrichs-Levy) condition is satisfied. Vertical advection is solved using the Bott flux form advection scheme [Bott, 1989a [Bott, , 1989b , which is both mass conservative and positive definite and is characterized by comparatively low artificial diffusion [Dabdub and Seinfeld, 1994] .
[20] Dust particles in IWEAPS are divided into three dust size groups: r 1 mm, 1-5.5 mm, and 5.5-11 mm. The initial concentration of each group is obtained from the previous runs.
Model Results and Discussion
Comparison With Observations
[21] The reference simulations are implemented without CDTS for regional-scale Asian dust events of 2002. The [22] The simulated dust concentration is compared with the observed in Figure 6 at selected locations, Beijing (39.8°N, 116.5°E), Seoul (37.6°N, 127.0°E) and Nagasaki (32.7°N, 129.9°E). For the comparison, the dust concentration at the lowest model layer (s = 0.999) and TSP (Total Suspended Particles) concentration derived from the visibility measurements at synoptic stations, C TSP , are used. An empirical relationship between visibility and TSP concentration measured with a high-volume air sampler was given by Shao et al. [2003] . TSP obs indicates TSP measurements using a high-volume sampler. It should be pointed out that C TSP does not properly represent dust concentration if visibility is also strongly affected by other visibilitydegrading aerosols, e.g., sulfates. The TSP and visibility relationship may also change from source regions to downstream areas as dust size distribution changes. Therefore caution is warranted in the interpretation of C TSP , especially at weather stations away from those used for deriving the empirical relationship.
[23] For the March case, the model well predicted the increase in dust concentration on 20 and 22 March at Beijing in comparison with C TSP except for 21 March. The simulated dust concentration ranged between 10 and 2150 mg m
À3
. At Seoul, C TSP overestimated the observed TSP obs , which showed better agreement with the simulated dust concentrations. At Nagasaki, C TSP largely overestimated the simulated dust concentration which ranged between 1 and 602 mg m
. Considering that the observed PM10 maximum was 986 mg m À3 at Nagasaki University and 414 mg m À3 at Itoshima [Chung et al., 2003] , the simulated dust concentration is in a comparable range with the observed. [24] For the April case, the model well predicted dust loading at Beijing for 6-8 April as indicated by the WMO (World Meteorological Organization) weather indices summarized in Table 1 , though C TSP does not indicate any dust loading during that period. For 6 -7 April the model predicted relatively low concentration at Seoul and Nagasaki due to wet deposition while C TSP estimated high concentration. The weather indices listed in Table 1 suggest that the low visibility, which C TSP was based on, was formed by the weather conditions, which were predominantly rain or drizzle. For 8 -9 April the dust loading at the locations is confirmed by the weather indices and the lidar measurements (not shown).
Impacts of Convective Dust Transport
[25] The quantitative effect of convective transport is shown in this section by comparing two model simulations, one with CDTS and the other without CDTS. First we examine simulated precipitation. Convective transport is closely related to precipitation due to cumulus convection which drives the vertical dust transport. Figure 7 shows a comparison of observed and simulated overland precipitation for the March and April dust events. The distribution and amount of total precipitation were reasonably well predicted. The model predicted convective precipitation along the southern edge of the Tibetan Plateau and also in northeast Asia for the April case.
[26] The spatial pattern of dust concentration differences between the two simulations and their relative changes (= 100 Â DC/C) is shown in Figure 8 . The dust concentration at the lowest model level was used for the comparison. For the March case, two areas of relatively large difference are found near the Tibetan Plateau and Japan. The areas of large difference mostly coincided with the areas of large relative change (>50%). For the April case, the differences in the near surface dust concentration were generally smaller than those for the March case and only one area of comparatively large relative change was found in the northeast of the model domain.
[27] In Figure 9 , we compare the vertical profiles of the simulated dust concentrations at the locations of large difference in near surface concentration. The dust concentration was converted from s coordinates to z coordinates. The comparison shows two opposite effects of convective transport on dust distribution. At (77°E, 33°N), convective transport moved dust particles upward from the boundary layer leading to decreased concentrations at heights lower than 2 km and increased concentrations above the height in 60, 61, and 63, rain; 50 and 51, drizzle; 42, 45, and 47, fog; 28, fog; 21 and 25, rain; 20, drizzle; 10, mist; 5, haze; 6, widespread dust in suspension; 7, dust or sand raised by wind.
comparison with the simulation without CDTS. At (134°E, 44°N), however, convective transport carried dust particles downward from the middle and upper troposphere. As a result, the vertical extent of the dust layer was reduced to less than 6 km from about 8 km of the simulation without CDTS. Murayama et al. [2003] reported an Asian dust layer extending up to an altitude of 8 km near Tokyo.
[28] During the April case, a significant increase in dust concentrations was reported at Tsukuba (140°E, 36°N) on 8 April [Kanai et al., 2003] . Figure 10 presents lidar-derived aerosol optical properties measured at Tsukuba during the day and Figure 11 shows corresponding time-height cross sections of the two simulated dust concentrations at the location. The time resolution of the model results is 3 hours and that of the lidar measurements is 15 minutes. The existence of a high depolarization ratio (>10%) at altitudes above 2.5 km suggests that dust particles were present in the layer and the cross sections of the backscattering coefficient and extinction coefficient indicate that there existed a layer of significant particle concentration below 3 km. The model predicted a significant dust layer below 4 km in the simulation with CDTS, while it predicted only a weak dust layer between 3 and 7 km in the simulation without CDTS.
[29] Simulated dust distribution at 450 hPa is shown in Figure 12 for the March case. Dust concentration was converted from s coordinates to p coordinates. As a result of upward transport by convection, a relatively large increase 
Summary and Conclusion
[30] We have studied the impacts of convective transport on regional-scale dust storms. For this purpose, we have developed a convective dust transport scheme coupled with the Kain-Fritsch scheme of atmospheric model. We have shown that CDTS can properly simulate upward transport by convection. The application of CDTS to an aloft dust layer has shown that convective transport can cause downward transport of a dust layer through large-scale subsidence in the environment.
[31] We have incorporated CDTS into IWEAPS and applied the system to the simulation of Asian dust events in 2002. On the basis of comparisons between the model results and observations at three locations and the TOMS aerosol index, it is shown that the model can reasonably well predict the evolution of dust storms.
[32] We have investigated the effects of convective transport on regional-scale dust storms through the comparison of two simulations, one with CDTS and the other without CDTS. Convective transport occurred in localized areas associated with deep convection. Two areas of large difference in near surface concentration have been found, one near the Tibetan Plateau and the other in northeast Asia. The vertical profiles in the areas have revealed two opposite effects with regard to convective transport. On the one hand, convective transport moves dust particles from near the surface upward to the free atmosphere. On the other hand, convective transport also reduces the vertical extent of a dust layer by downward transport As a result, the simulated cross section at Tsukuba showed an increased dust concentration ), and (c) total depolarization ratio (%) at 532 nm.
in the lower troposphere. The dust distribution at 450 hPa suggested that convective transport increases the lifetime of dust particles emitted from the basin area by transporting them upward higher than the surrounding terrain.
[33] In this study, we only considered vertical redistribution by convection-induced movements. By neglecting the interaction between dust and cloud water inside clouds, there is a possibility that the scheme overestimates the upward transport of particles. Future work will include the interaction between dust and cloud water.
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